Abstract. We analyze life cycles of summer time moist convection of a Large Eddy Simulation (LES) in a limited area setup over Germany. The goal is to assess the ability of the model to represent convective organization in space and time in comparison to radar data, and its sensitivity to daily mean surface air temperature. A continuous period of 36 days in May and June 2016, showing a considerable amount of convective rainfall which covers large parts of the domain on most of the days, is simulated with a grid spacing of 625 m. Using convective organization indices, and a tracking algorithm for convective 5 precipitation events, we find that an LES with 625 m grid spacing tends to underestimate the degree of convective organization, and shows a weaker sensitivity of heavy convective rainfall to temperature as suggested by the radar data. An analysis of three days within this period that are simulated with finer grid spacing of 312 m and 156 m showed, that a grid spacing at the 100 m scale has the potential to improve the simulated diurnal cycles of convection, the mean time evolution of single convective events, and the degree of convective organization. 
we restrict the domain to the innermost nest with 156 m grid spacing as shown in Fig. 1 . Elsewhere, where we analyze only the outer domain with 625 m grid spacing, we include the full domain size.
The temporal output interval of the model data is 2 min, while the radar data are available with a 5 min interval. Therefore, the modeled precipitation intensities have been linearly time interpolated to a 5 min interval.
Indices of convective organization
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To investigate whether convective clouds tend to organize in space, we follow the approach used in Pscheidt et al. (2019) :
First, we detect signatures of convection in radar and model rain rates by applying a segmentation algorithm with a split-andmerge approach (Senf et al., 2018 ) with a threshold of 1 mm h −1
. In a second step, we compute commonly used organization indices for the radar observations and the simulation output. The organization indices are based on the characteristics of the 2D objects obtained from the segmentation algorithm. We employ three organization indices, namely the Simple Convective
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Aggregation Index (SCAI, (Tobin et al., 2012) ), and the Convective Organization Potential (COP, (White et al., 2018) are both based on all-neighbors distances, and the I org index (Tompkins and Semie, 2017) , which uses a nearest neighbor (NN) distance approach. SCAI is defined as
where N is the number of objects in the domain, D 0 is the geometric mean distance of the centroids between all possible pairs of objects, N max is the possible maximum number of objects that can exist in the domain, and L is the characteristic domain 5 size. In this study, N max is the total number of grid boxes in the domain, and L is the Southwest-Northeast distance in the domain. The degree of organization increases as the SCAI decreases.
COP considers the interaction potential between two objects V (i, j) = ( A(i) + A(j))/(d(i, j) √ π), where A(i) is the area of object i and d(i, j) is the Euclidean distance between the centroids of the objects i and j. COP is defined as
The degree of organization increases as COP increases.
Unlike SCAI and COP, the NN-based organization index I org (Tompkins and Semie, 2017 ) is able to distinguish between the three types of spatial distribution: organized, regular, and random. In this approach, we treat objects as discs (similar to Nair et al., 1998) , and compute the cumulative distribution function of the NN edge-to-edge distances (NNCDF) and compare it to the NNCDF of theoretical randomly distributed objects over the same domain. The theoretical NNCDF is approximated 15 by bootstrapping, in which a random number of objects with the observed size distribution is randomly placed over the domain (Weger et al., 1992; Nair et al., 1998) . We perform 100 simulations and compare the observed NNCDF to the 100 theoretical NNCDFs in a graph. I org is defined as the area below such a comparison curve (for more details see e.g. Pscheidt et al., 2019; Tompkins and Semie, 2017) . From the 100 computed I org indices we select the 2.5th and 97.5th percentiles to identify the spatial distribution. The objects are organized in clusters when the 2.5th percentile is greater than 0.5, whereas they present 20 a regular distribution in space when the 97.5th percentile is lower than 0.5. Otherwise, the scenario can not be differentiated from randomness.
In addition to the degree of convective organization, we also investigate the shape of the objects with the index I shape defined as
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where s(i) = P eq (i)/P (i) is the shape ratio, P(i) is the actual perimeter and P eq (i) = 4πA(i) is the perimeter of an equivalent, area-equal disc of the object i. The perimeter P(i) is computed as the countour line through the centers of the border grid boxes of the objects (Benkrid and Crookes, Online; accessed 2017; van der Walt et al., 2014) . I shape ranges between 0 and 1 and indicates the predominant presence of linear shapes for the former and circular shapes for the latter. I shape close to 0.5 indicates predominance of elliptical shapes. 
Rain cell tracking
We apply the "Iterative raincell tracking" (IRT) algorithm to track life cycles of convective precipitation events in space and time (Moseley et al., 2019) . In a first step, precipitation objects are detected for each time step individually, defined as connected areas over a given threshold chosen as 1 mm h −1 surface precipitation intensity which has proven to generate reasonable results, and is in the order of the resolution threshold of the weather radar. For each object, the area, and the mean surface precipitation 5 intensity averaged over this area is recorded. The algorithm checks for overlaps of each object with objects in the previous, and the subsequent time step, and records the concerning object identifiers. If an object overlaps with more than one object at the previous or subsequent time step, the two largest ones are recorded, others are ignored.
It sometimes happens that objects of subsequent time steps do not overlap although they belong to the same track, since they are advected by mean background flow, especially if the time step is relatively large and the objects are small. To correct this 10 artifact, in a second step a mean background advection field is diagnosed and the procedure is repeated by taking into account the displacements of the objects due to the advection field while checking for overlaps. This step has to be iterated until the object identification result converges.
In a third step, overlapping objects are combined to tracks. A fraction of the tracks have distinct life cycles, and do not merge with others, nor split up into fragments. They are initiated as new emerging precipitation events and eventually vanish 15 when surface precipitation ceases. We call these tracks solitary. Tracks that experience merging and splitting are recorded separately. We call these tracks interacting. A parameter, the so-called termination sensitivity Θ that takes values between 0 and 1, provides a criterion whether a merging or splitting event is recorded, or ignored. If Θ = 0, then every merging and splitting event will lead to a termination of all involved tracks, and will be recorded as a tracks that interacts with its neighbours. In the other extreme Θ = 1, the largest object that experiences a merging or splitting event will always be continued and regarded To analyze the impact of resolution on the simulated life cycles of convection, we make use of the three days which have been simulated on three nests with 625 m (DOM01), 312 m (DOM02), and 156 m (DOM03) grid spacing. Fig. 2 shows the time series of the daily mean precipitation for each day for all three domains next to the radar data, averaged over all areas where radar data are available. While on May 29 the simulated precipitation amount on all three domains is very close to each other and strongly mismatches the radar data, on the other two days in June 3 and 6 the time evolution of mean precipitation differs 30 more strongly for the different resolution. On the latter two days, the match with RADOLAN is better for higher resolutions:
The magnitude and the timing of the precipitation peak is closest to the radar data for the 312 m domain on June 3. On both June 3 and 6, the strong increase in precipitation around 10:00 UTC is steeper than in the radar data for 625 m, while the slope matches the radar data best for 156 m. However, on June 6 the decline of precipitation intensity in the late afternoon and evening hours appears too late.
Convective organization indices
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A general convergence of the higher resolution nests to the RADOLAN data is not only found in the diurnal cycles of mean precipitation, but also in the organization indices that we have calculated on the three domains and the RADOLAN data, especially in SCAI and I shape (Fig. 3 ). The analysis of SCAI reveals that on May 29 the radar objects are more clustered than the simulated ones ( Fig. 3a) , however, the finest nest is closest to RADOLAN. The 156 m nest also shows the best performance during June 6, when the degree of organization of observed objects is very well represented at 156 m (Fig. 3c ). The situation 10 is, however, different for June 3 (Fig. 3b ). Before 12:00 UTC the finer nests represent best the degree of organization, whereas from 12:00 UTC until 18:00 UTC, the coarsest nest is in better agreement with radar. On all three days, there is a clear decrease in the degree of clustering with the nest's resolution, which seems to be due to an increase in the number of objects as the grid spacing increases. In contrast, the shape of the objects are best represented for the 156 m nest for the days May 29 and June 3, with decreasing performance for the coarser nests ( Fig. 3j-k ). For June 6, COP is in good agreement with radar between 09:00 UTC and 17:00 UTC for all three grid spacings ( Fig. 3f ). In the evening, however, the simulations with the finest nests reveal larger object sizes (not shown) than observed in radar leading to an overestimation of the degree of clustering. Besides, no objects are detected in the 625 m nest after 19:00 UTC. The increased oscillation in the degree of clustering after 20:00 UTC seen in COP is reflected 5 in I org , and indicates spatial distributions varying between clustering and random distribution (Fig. 3i ). For this day the 625 m nest is the closest to radar among the three grid spacings. Regarding the object's shapes, the coarsest nest shows the best performance for this day, though (Fig. 3l ).
Track statistics
We now show that additional information on the temporal structure of the convective rainfall patterns are provided by the 10 statistics of rain cell tracks. Therefore, we apply the tracking algorithm on the precipitation cells of model and RADOLAN and split up later, or that are initiated as a fragment and later merge again with other tracks), see Table 1 . Although less than 10% of the total rainfall is generated by solitary tracks (excluding drizzle below the threshold of 1 mm h −1
, and tracks that touch the boundaries), there is a strong variation of the contribution of solitary tracks to the total rainfall, namely 9.4%, 7.1%, 4.2%, indicating the tendency toward more organization with increasing resolution. For comparison, for RADOLAN we find a fraction of 6.7%, which is between the model results of the 312 m and 156 m nest. The ratio of the number of solitary tracks 10 is largest for the 625 m domain, while it is similar for the two finer nests and RADOLAN. The ratio of the number of tracks belonging to the three interacting tracks types is very similar for all nests and matches well with RADOLAN, but there are differences in the contribution to total rainfall among these types: There is a clear increase with resolution from 29.5% (for DOM1) to 47.2% for the type that experiences both merging and splitting. As this track type can be regarded as the one that experiences the strongest interaction with neighbouring tracks, the high rainfall ratio falling onto this track type at the 156 m 15 nest indicates a stronger impact of convective organization. However, for RADOLAN, this ratio is only 32.4% which is close to the coarse resolution result.
Even though solitary tracks contribute to less than 10% of the total precipitation, they are most suited for an analysis of the time evolution of convective rainfall events. Therefore, we have a closer look at the performance of the model to simulate 4 Analysis of the continuous 36 days period with 625 m grid spacing
Mean diurnal cycles
In the previous section we argued that the ICON-LEM setup with 625 m grid spacing is sufficient to reasonably simulate typical convective summer days over Germany, although there may still be room for an added value at even higher resolutions.
We now discuss the continuous simulation period from May 26 until June 20, 2016 , simulated with 625 m grid spacing. The 5 simulated domain mean precipitation with the RADOLAN data for the full period is shown in Fig. 6 . On some of the days we see an underestimation of simulated rainfall compared to RADOLAN, like on May 30, June 12, June 16, and in the 3-day period between June 23-25. However, there are few days where the precipitation intensity is slightly overestimated, like on June 19 and June 26. Another mismatch between model and radar data is that daily peak intensities tend to be reached 1-3
hours earlier in the model simulation compared to RADOLAN. This is particularly visible in the 6-days period June 3-8. This 10 feature can be explained by the observation discussed in the section 3, where we argued that convection is triggered too fast in the 625 m LES simulation.
To confirm that the simulated 35-day convective period is long enough to show the intensification of convection with higher temperatures as discussed in the Introduction, and that it is also simulated with ICON-LEM and 625 m grid spacing, we perform a separate analysis for selected cool and warm days. We calculate the domain mean temperature from the original forcing data, and average over the time between 8:00 UTC and 20:00 UTC when daytime convection is expected. We hereby use the original COSMO-DE analysis data that provided the forcing, as we expect them to be closer to the actual temperatures Table A1 . In total, out of the 36 days of the simulation, we classify 6 days as cool, and 6 days as warm.
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Mean diurnal cycles of several domain averaged quantities, including all 36 days, and conditioned on cool and warm days, are shown in Fig. 7 . As already mentioned, the peak in mean precipitation (Fig. 7a) appears earlier in the model than in the RADOLAN data, and it is higher for the cold days than for the total mean of all days. For warm days, the peak is also slightly larger that for the total mean, although there is less precipitation in the afternoon hours after 15:00 UTC. The simulation period is too short to significantly state if there is any direct correlation between the total amount of precipitation and the daily 10 mean temperature. However, there is clear temperature dependence of the 99th percentile of precipitation intensity (Fig. 7b ): In consistency with the CC argument mentioned in the Introduction, there is less (more) water vapor available in the atmosphere on cool (warm) days than on average (Fig. 7c) , associated with lower (higher) extreme rainfall intensities. However, the differences in the 99th percentile of precipitation are more pronounced in the RADOLAN data, suggesting that the sensitivity of heavy rainfall to temperature is underestimated by the model. Further, we see that cool (warm) days are associated with lower (higher) 15 surface fluxes (Fig. 7d-f 
Diurnal cycles of convective organization indices
We calculate mean diurnal cycles of the convective organization indices SCAI, COP, I org , and I shape , for model and RADOLAN data of all 36 days, and conditioned on cool and warm days (Fig. 8) . SCAI, COP and I org indicate more organization in the morning and evening, when the objects present also a more elliptical shape (Fig. 8d) . During the afternoon, when the convective activity is more intense, there is a decrease in the degree of organization, with the shape of the objects tending towards a more 5 circular one. ICON reproduces the diurnal cycle of I org very well (Fig 8c) . Although the variability of SCAI, COP and I shape are captured by the model at 625 m grid spacing, it underestimates the degree of organization revealed by RADOLAN (Figs. 8a-b) and produces more rounded objects than the radar observations (Fig. 8d) especially in the afternoon, as was discussed in section 3.2.
For the 6 cool days, SCAI is in general larger, while COP is lower than the corresponding indices for the 35 days period
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( Fig. 8e,f) , indicating the presence of more numerous and smaller objects. Although the degree of organization of these objects is weaker than for the full period ( Fig. 8e-g ), the variability in the shape (Fig. 8h) is similar to the larger period. In contrast to the cool days, during the 6 warm days, SCAI and COP show similar diurnal cycle to the 35 days period (Fig. 8i,j) , revealing the presence of fewer and larger objects, which favours organization. I org also indicates stronger degree of organization (Fig.   8k ) in comparison with the cool days. Although I shape is noisier on warm days, it also follows a similar behaviour (Fig. 8l) as seen during the longer period. Overall, the indices suggest a weaker degree of organization for the cool days compared to the 36-day average in both model and RADOLAN data. However, there is a less clear signal for the warm days compared to the average. 
Track statistics
We have shown in section 3.3 that in addition to the four convective organization indices, the rain cell tracking result provides information on the degree of organization in the three different model resolutions. In this section we apply the rain cell tracking in a similar way on the 36-day continuous simulation with 625 m grid spacing with a separate analysis for the 6 cool days compared to RADOLAN. This intensification of the solitary tracks with temperature, especially for the longer durations tracks above 1 hour life time, can be seen even more clearly in the total amount of precipitation produced by the tracks (Fig. 9g-i) . A dependence of the cell sizes reached by solitary tracks in temperature is less clear (Fig. 9d-f ).
To briefly summarize the tracking result in this paragraph, we find that solitary tracks of comparable duration on warm days can reach higher precipitation amounts on warm days as compared to cool days. This shows an intensification of solitary the increase of extreme precipitation with temperature can be represented with CRMs at the kilometer scale. However, in our simulation period the simulated increase from cool to warm days is smaller in magnitude than in the RADOLAN data. In addition to heavy precipitation intensities, We also find a temperature sensitivity of the convective precipitation indices: In particular, they show a weaker degree of organization for the cool days in both model and RADOLAN data. Although this is consistent with a larger number of solitary tracks on the cool days, the fraction of solitary tracks is smaller on the cool days.
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This is probably due to the fact that although the degree of organization might be weaker, there was more total precipitation on the cool days in our simulation period, making an interaction of precipitation object more likely since they are on average closer together. A deeper investigation of the interaction between events may be left to a future study, and the idealized study by Moseley et al. (2016) suggests that interaction between cells might well be intensified with higher temperatures. Our study also leaves the question open if higher resolution will lead to an improved simulation of the sensitivity of heavy rainfall and 10 convective organization to temperature, as only three model days are available on the higher resolved nests. Given that the magnitude of the intensification of heavy rainfall with temperature has both a thermodynamic (based on the CC argument) and a dynamic aspect, and that thermodynamic processes can be expected to be rather independent of resolution, we can assume that it is mainly an insufficient representation of the dynamics within the convection cells that causes an underestimated intensification at 625 m grid spacing.
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In addition to these findings, we have shown that the Iterative Raincell Tracking method (IRT) is not only a useful tool to study the life cycles of isolated convective rain events (that is, solitary tracks), but it is also able to provide information on the convective organization in the model simulations and observational data. In general, a smaller total contribution of isolated cells to the total rainfall indicates that the tendency of convection to interact and form clusters is larger, since it means that a larger fraction of tracks experiences merging and splitting. Therefore, our tracking result is consistent with the convective organization 20 indices. However, as also stated by Rasp et al. (2018) , these indices describe only the spatial structure of the convection, but neglect the temporal structures of convective memory, which is an import aspect for parametrizations. Therefore, there is the need for new types of indices that also involve information on the temporal evolution of convective organization. A further development of our tracking method may fill this gap, as it includes the time evolution of convection cells and therefore has the potential to provide a more comprehensive description of the processes that happen when repeated merging of individual 25 convection cells lead to large clusters, such as mesoscale convective systems, squall lines, and tropical cyclones.
Conclusions
Based on a 36 day long continuous simulation in May and June 2016, we have shown that ICON in a limited area setup over
Germany and a grid spacing of 625 m is able to simulate an intensification of isolated convective rain cells with temperature, which is qualitatively in agreement with the RADOLAN radar composite but to a smaller degree. Further, we find a weaker 30 degree of organization especially on cooler days, which is reflected by the convective organization indices, but also by a larger number of non-interaction (solitary) rain cell tracks.
However, an analysis of the three days that are available on all three nests showed that the convective organization pattern is best simulated at the highest resolution with 156 m grid spacing. At the coarsest nest with 625 m grid spacing, we find that convective events are too strong at the beginning of their life cycles, that they are weaker organized, and that they show a weaker tendency to merge and form clusters. This indicates that not all processes in the convective updrafts are optimally resolved at this resolution. Overall our evaluation of the three model resolutions suggests that an increase of model resolution 5 toward the 100 m scale has the potential to provide a more realistic simulation of convection.
Based on our finding that stronger convective organization is associated with a smaller number of non-interacting tracks and more merging and splitting events between objects, we propose the development of new convective organization indices that are capable of monitoring not only the spatial, but also the temporal evolution of the convective clustering process. Such indices could be based on existing tracking algorithms such as the IRT method that we applied within this study. 
